Introduction
[2] Many studies have been conducted for monitoring and detection of upper stratospheric ozone trends and behavior using a variety of ground and satellite instruments and their inter-comparisons [Stratospheric Processes and Their Role in Climate (SPARC), 1998; Reinsel, 2002; Steinbrecht et al., 2004, and references therein] . However, a consensus of ozone trends has not been made due to inconsistent results from different instruments with different data analysis approaches and lack of global/temporal coverage for systematically validating ozone trends, in both latitudes and altitudes as suggested by Weatherhead et al. [2004] . A long-term record from the Solar Backscattered Ultraviolet (SBUV) instruments containing daily global total column ozone and stratospheric profile ozone data is available for trend analysis from 1979 to the present.
However, data from the NOAA series of SBUV/2 instruments has been de-emphasized because questions about the stability of their calibration raised concerns about their reliability to provide accurate assessments of trends and changes in stratospheric ozone behavior [SPARC, 1998; World Meteorological Organization (WMO), 2002] .
[3] NASA Goddard Space Flight Center/Atmospheric Chemistry and Dynamics Branch has developed new Version 8 (V8) algorithms for TOMS and SBUV data [Bhartia et al., 2004] . Furthermore, better instrument characterization and calibration from both ''hard'' and ''soft'' methods [Deland et al., 2004] have been used to stabilize the calibration from instrument to instrument so that data from multiple SBUV instruments can be used together in a consistent 25-year time series. Of equal importance, the V8 algorithm is designed to reduce the influence of the a priori on ozone trends by optimizing the retrieval of interannual variability and trends. Therefore, the SBUV(/2) data reprocessed with this new algorithm can be used for trend analysis with more accuracy than has been possible before [McPeters et al., 2004] . These data have been validated with ground-based measurements such as microwave, lidar, sonde, Dobson/Brewer, and SAGE satellite. The V8 data generally showed agreement within ±5% on average for mean profile differences, while stability of the total ozone record was approximately ±1% over 25 years [Ahn et al., 2004; McPeters et al., 2004] . Did we see any N16 seasonality in the differences?
[4] The purpose of this study is to investigate and evaluate upper-stratospheric ozone variability by comparing monthly anomalies of Umkehr with those of V8 SBUV over three Umkehr stations-Arosa, Switzerland (46.77°N, 9.67°E), Boulder, USA (40.02°N, 105.25°W), and Tateno, Japan (36.05°N, 140.13°E)-and also to provide information on the newly reprocessed V8 SBUV and Umkehr data as a guideline for their use in long-term trends analysis.
Description of Data Sets
[5] Measurements from Umkehr and SBUV systems are very similar in their physical content, and therefore, easily compared. Umkehr data are processed using the newly updated UMK04 algorithm (http://www.srrb.noaa. gov/research/umkehr) and SBUV(/2) data with the Version 8 algorithm (http://daac.gsfc.nasa.gov/data/dataset/TOMS/ DVD-ROMs/). The algorithms were developed simultaneously, and include similar features, such as a stable a priori from an updated ozone climatology [McPeters et al., 2003] , and similar concepts of forward and inverse models. Both systems also have pressure-based retrieval coordinates enabling us to do a direct layer ozone compar-ison. This avoids difficulties in converting ozone density versus altitude to layer ozone versus pressure as needed, for example, with comparisons to SAGE data. Uncertainties in the temperature data used to determine the pressure versus altitude conversion can be a source of error in trend analysis as pointed out by Wang et al. [1996, and references therein] .
[6] Table 1 shows the periods with measurements for each SBUV instrument used in this study. The overlaps among periods between the satellite instruments were used to assess the instruments' performance. Despite collective efforts for calibration of the SBUV(/2) instruments, some instrument/ calibration problems such as chopper-wheel non-synchronization for the Nimbus-7 time period (1987) (1988) (1989) (1990) and grating drive problems for NOAA-9 and NOAA-11 still remain in the reprocessed data (see DVD for details). In-depth analyses of data by McPeters et al. [1994] argued that non-synchronization problem of Nimbus-7 SBUV instrument is simply manifested as increased noise. However, significant spacecraft orbital drift and grating drive position problems of NOAA-9 and NOAA-11 after 1996 create potential sources of error in the combined SBUV(/2) data set. Evaluation and reassurance of the trend quality of the combined SBUV dataset are provided in this paper.
[7] The best single daily match-up data between SBUV(/2) and Umkehr are selected based on the minimum distance satellite retrievals within 1000 km and 12 hr of the Umkehr measurement (see Table 1 for a number of daily coincidences for three Umkehr stations). For layer ozone (Dobson Unit) comparisons the Umkehr and SBUV profiles are combined into a 7-Layer Scheme denoted as follows: 4 À (combined Umkehr layers 0, 1, 2, and 3), Umkehr layers 4, 5, 6, 7, and 8, and 8 + (integrated ozone information in Umkehr layer 8 and above). Table 2 shows the pressures and approximate altitudes of layers. This broad layer system is capable of monitoring long-term changes in monthly mean tropospheric and stratospheric ozone levels. Errors in the retrieved layer ozone have low correlation, and influence from the a priori information is kept to the minimum. We will discuss ozone variability measured by the combined SBUV(/2) and Umkehr system in layers 6, 7 and 8. These layers are chosen to study inter-annual variability of stratospheric ozone, which is mostly controlled by chemistry and, thus, by anthropogenic emissions.
[8] The single daily match-up data in each layer are deseasonalized by subtracting the climatological ozone layer amount (SM) from monthly mean (MM) ozone for each layer producing monthly mean anomalies in % defined as
The climatology here is computed as mean value of either SBUV or Umkehr ozone data selected for each of the twelve calendar months over the entire 1979 -2003 period. It is expected that use of monthly averages will reduce errors caused by differences in the geophysical data collocation. This method provides adequate information for analysis of long-term ozone trends and anomalies (departures from the mean) by accounting empirically for seasonal oscillations in the data. The QBO, solar cycle, and other natural oscillations continue to influence the data, and we have not constructed a full statistical model to improve trend analysis. Caution must be exercised to avoid a misinterpretation of the magnitude and sign of trends varying with a chosen model and parameters [Steinbrecht et al., 2004; Weatherhead et al., 2004] .
[9] The aerosol correction for the Umkehr data was performed by using monthly mean time-series of stratospheric aerosol Optical Depth (OD) (http://www.srrb.noaa. gov/research/aerosol.html). The aerosol corrections as function of altitude and optical depth were recently developed and published in the white paper on Dobson C-pair Umkehr algorithm at http://www.srrb.noaa.gov/research/umkehr. The in-depth study of the Pinatubo eruption [Chazette et al., 1995] suggests that by October 1991 the maximum aerosol load at the middle latitudes was found at 24 km, while one year later most of the aerosols had shifted to below 20 km. Lacking information on the aerosol layer altitude above the Umkehr stations, we simulated the effect of aerosols on the Umkehr measurements as a function of maximum load altitude. A 15 km layer creates the best match to the blended SBUV data at the time of volcanic eruptions. There are still errors in the corrected data, most noticeably in the layer 8 ozone deseasonalized time series (more details are given in the following section).
Analyses of Long-Term Changes in Individual Stations
[10] Figure 1 shows monthly anomalies of multiple SBUV data and Umkehr data at individual stations. The data are smoothed by a 5-month running average for each SBUV time period. The results represent the interannual variability of upper stratospheric ozone in the northern middle latitudes. Generally, both data sets agree well in terms of inter-annual variability and trends, although a higher variability is found in Umkehr data during winter seasons. There is nearly the same decline in ozone levels (the higher layer shows larger percent trends) observed in both datasets from 1979 to the early 1990s. The QBO and solar cycles are also identifiable, particularly in layer 8 at Arosa station. The higher values and upward trends of NOAA-9 (red) in layer 8 for all three stations could be a spacecraft orbital drift related problem. But, these effects are not observed in lower layers, 6 and 7, which indicates that those could be wavelength-dependent NOAA-9 calibration problems. In the Tateno comparison, the effects of an Umkehr instrument change in 1994 are not easily detected in layer 8 comparisons, but are more obvious in layers 6 and 7. Umkehr monthly anomalies at Tateno show lower values than those of SBUV before 1994, but reversed patterns are found after 1994. At the beginning of the time-series (1979 -1981) the elevated MMA are observed by all three ground-based stations in relatively close agreement with SBUV data. However, comparisons over Boulder station show significantly higher Umkehr MMA than detected by SBUV data. This can be explained by lower quality of Umkehr measurements in Boulder at the beginning of its long-term time series, complicated by the interchange of several instruments over the first three years, as well as downgraded quality of manually taken data. In 1982 Boulder Dobson measurements were automated, which allowed taking more measurement per day and helped to reduce operator errors in the quality of measurements. Following implementation of a cloud detector at the un-attended Boulder station in 1988, even higher quality ground-based data were obtained through automated detection and removal of cloud-affected measurements (R. Evans, NOAA/CMDL, personal communications).
[11] All three Umkehr stations still show some residual effects of incomplete stratospheric aerosol corrections (deep troughs in MMA in the years 1983 and 1992). The errors are related to the strong altitude effect of aerosol loads in UMK04 retrieved ozone as discussed in the previous section. For most of the record, the differences between the data sets are smaller than their shared features, providing reassurance for the use of these data sets for long-term trends studies.
Analyses of Instrumental Drifts/Shift in Blended SBUV Versus Umkehr Data
[12] The time-dependent drift and trends between multiple SBUV instruments and all three Umkehr station data were analyzed by taking differences of the smoothed monthly anomaly of SBUV and Umkehr data. The last line in Table 2 summarizes results of root-mean square deviations (RMSD) of 967 monthly anomalies (SBUV(/2)-Umkehr monthly coincidences) for each layer. Figure 2 shows detailed results for layers 6, 7 and 8. The time-series in layers 7 and 8 (33 km -43 km) do not show any significant shifts and trends between the two systems. The residual variability and deviations in data can be explained by (1) incomplete aerosol corrections of Umkehr data around volcano eruption periods (El Chichon: 1982 -83, and Pinatubo: 1991 -92) , and (2) upward trend in NOAA-9 time period (1995) (1996) (1997) (1998) due to a significant NOAA-9 spacecraft drift and associated wavelength-dependent calibration problems, and (3) higher values and trends in Umkehr measurements at Tateno after the change of instrument in 1994 and at Boulder prior to 1982. In layer 6 (30 km), the differences between the two data sets show fairly good agreement with lower variability. The results for Layer 6 would be in better agreement with the other layers if the low Layer 6 Tateno data for 1979 to 1987 (See Layer 6 for Tateno in Figure 1 ) were adjusted up.
Conclusions
[13] Both ground-based Dobson Umkehr and combined SBUV/(2) satellite time-series show no major discord in two types of independent measurements from 1979 through 2001 time period. Moreover, anomaly analyses of blended SBUV and Umkehr show the well-known decrease in ozone in the 1980s and early 1990s in northern middle latitudes. The anomaly differences between the satellite and groundbased data are within ±5% in layers 6, 7 and 8. Although, results for individual stations vary, the northern midlatitude combined SBUV/2 and Umkehr data comparisons do not suggest long-term time dependent shifts or trends at the 2% per decade level. The SBUV/2 and Umkehr records are being extended by current measurements and their monitoring of ozone layer and its anticipated recovery will continue. The long-term ground-based measurements provide a solid source of information for satellite validation efforts, such as detection of potential NOAA-9 SBUV/2 calibration problems. They can be used to track the ozone levels relative to the late 1970s. The results described in this paper provide a good reference for assurance of the trend quality of combined SBUV/(2) data. The method helps to detect potential drifts and shifts in both the multiple satellite record and ground-based record at individual Umkehr stations. Moreover, this method provides information for the improvement of aerosol correction in ground-based data. Figure 2 . Differences in the smoothed monthly mean anomalies for SBUV and Umkehr for layer 6, 7, and 8. The plot incorporates data from three ground stations (Tateno, Arosa and Boulder). Colors indicate the time periods of SBUV instruments (blue: Nimbus-7, green: NOAA-11, red: NOAA-9, beige: NOAA-16). The black solid line is a 3-year running average of yearly averages of all data. A simple linear fit gives À1.4, À0.7, and 0.1 slopes (% per decade) for layers 6, 7, and 8, respectively.
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